In this paper, specific features of Sm magnetism in an intermetallic compound have been studied.
Deviations from the Curie-Weiss law at temperatures below T C are apparently due to CF splitting of the ground-state multiplet 7 , which is also reflected in the Schottky anomaly observed in specific-heat data collected for CePd 13, 14 or by using CF calculations as obtained from first principles, as will be presented in this paper.
Specific-heat measurements of SmPd 2 Al 3 have been reported revealing anomalies at 3, 6
and 12 K, indicating magnetic phase transitions 8 . From susceptibility data three magnetic phase transitions at 4, 4.3 and 12 K 4 , respectively, have been proposed whereas the electrical resistivity reflects strongly a magnetic phase transition at 12 K 4 , typical for a transition to ferromagnetic ordering, the peak-like anomaly around 3.5 K resembles a transition to a low-temperature antiferromagnetic phase 10 . The magnetization curve measured at 2.5 K indicated two magnetic phase transitions (at approximately 0.3 and 2 T) 10 . It is clear that SmPd 2 Al 3 presents unique case of 4f magnetism and we attempt here to put this context together with previous results and Sm magnetism generally.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The single crystal of SmPd 2 Al 3 was grown in a triarc furnace by the Czochralski pulling method from stoichiometric amounts of elements. The single crystal was a 20-mm long cylinder with a diameter of 3 -4 mm. Crystal quality was checked by the Laue technique.
A small part of the crystal was pulverized in an agate grinding mortar and X-ray powder compound. We also analyzed the temperature evolution of the magnetic entropy. In addition we included spin-orbit coupling into the calculations for the electronic structure of the valence states (delocalized Bloch states); we found only minor changes in the DOS curves and calculated crystal field parameters. The calculations first principles of the crystal field interaction were performed using the method described in ref. 20 . In these calculations the electronic structure and corresponding distribution of the ground state charge density was obtained using the full-potential APW + lo method. The CF parameters originated from the aspherical part of the total single-particle DFT potential in the crystal. To eliminate self-interaction, a self-consistent procedure was first converged with the 4f electrons in the core 20 , which was the open-core approximation used in this work. To diagonalize the microscopic CF Hamiltonian of the hexagonal point group symmetry, we used J = 5/2, J = 7/2 and J = 9/2 multiplets and Wybourne parameterization of the CF matrix elements 21 .
Therefore the J -mixing and the intermediate-coupling many-particle 4f-wave functions were properly taken into account. The CF perturbation matrix had a dimension of 24 and the resulting eigenenergies and eigenfunctions were used to calculate the magnetic susceptibility as a function of temperature.
III. RESULTS
We successfully prepared the SmPd 2 Al 3 single crystal of high quality as confirmed by the Laue patterns. The XRPD data contained only the reflections compatible with a hexagonal structure of the PrNi 2 Al 3 type(space group P6/mmm) with lattice parameters a = 5.293Å, c = 4.064Å, which are in good agreement with published data. The proper 1:2:3 stoichiometry of the grown crystal was confirmed by EDX analysis within the accuracy of the method. No spurious phase has been located. We also carried out an area analysis and concentrations gradients were also studied. No concentration gradients have been detected.
Specific heat
The C P vs. T data were collected by two series of measurements in a magnetic field applied along the a-and c-axis, respectively. In zero magnetic field a large and sharp l-shape anomaly in the C P (T) dependence, peaking at 12.4 K was detected and three much smaller peak-like anomalies located at 4.4, 3.9, 3.4 K, respectively (see Fig.1 ). We tentatively denote these temperatures as T C , T 1 , T 2 , T 3 , respectively. The 12.4-K anomaly became gradually enhanced with increasing magnetic field applied along the c-axis(B c), though it remained 'pinned' at nearly the same temperature (it move only very slightly to higher temperatures).
Although such evolution is rather unusual, the magnetization and resistivity data presented below confirm that this specific-heat anomaly is apparently associated with the onset of a ferromagnetic ordering in SmPd 2 Al 3 and 12.4 K is the Curie temperature (T C ) of this material. The low-temperature anomalies, which were smeared out in fields B c higher than 1 T, were presumably associated with an order-order magnetic phase transition. The 12.4-K peak remained nearly intact in a magnetic field up to 9 T applied along the a-axis have collected together all existing information (including our results) on the temperatures of anomalies of specific heat, magnetization in very low fields, AC susceptibility and electrical resistivity in the Tab. I. It is immediately apparent that there is an unambiguous response of all measured properties to the onset of magnetic ordering slightly above 12 K. whereas the situation is not so straightforward in the of features observed between 3 and 5 K. The temperature dependence of the specific heat of SmPd 2 Al 3 , which is presented over a wide temperature range in Fig.2 , was considered to be a sum of the electronic C el , phonon C ph , magnetic C mag and Shottky C Sch contribution, respectively:
The most significant is the phonon contribution mainly at higher temperatures and this contribution was evaluated within the afore mentioned Debye and Einstein model 22 , the results being listed in Tab 
C el = γT (3)
The value found for the Sommerfeld coefficient was γ = 7 mJ/mol K −2 , which is a typical figure that may be expected and measured in Sm intermetallics compounds 23 . We also analyzed the temperature evolution of the magnetic entropy (Fig.2) . In the temperature range 1.8 -20 K we observed a high jump up to the value Rln2 and we presume that the magnetic ground state of our compound is a doublet. An additional increase of temperature led to a gradual growth of magnetic entropy. The values for entropy should reach the value Rln6 when the energy of the third doublet is achieved, but unfortunately this doublet is above room temperature. We have measured specific heat data up to 400 K, but the data were strongly affected by the transformation of apiezon from temperatures over 250 K and it was inappropriate to solve the absolute value of entropy from the experimental data in this temperature range.
A huge energy gap of 130 K was observed between the ground and the first excited state, respectively, which is in good agreement with the findings in 4 and our theoretical calculations. The existence of a third doublet, indicated to be around room temperature, motivated us to measure magnetization up to 400 K, because a strong influence of CF on the susceptibility behavior was expected, as will be discussed later.
AC susceptibility and magnetization
The temperature dependence of the susceptibility measured in the AC magnetic field applied along the a-and c-axis, respectively, is shown in Fig.3 . The a-axis data were characterized by a very low, nearly-temperature-independent signal free of any considerable anomaly exceeding signal noise, whereas the data measured in the AC field applied along the c-axis exhibited three anomalies, presumably indicating magnetic phase transitions. When cooling, the c-axis data exhibited a sudden upturn commencing at T C = 12.4 K, a sharp peak at 3.7 K and a shoulder at 4.5 K. The latter two features may be tentatively associated with the magnetic phase transitions at T 2 and T 1 , respectively, which is tentatively implied on comparing the data in Tab. I.
The theory 26 , however, says that T N , the temperature at the maximum of the specific heat and the maximum in ∂(χT)/T vs. T frequently does not coincide with the maximum in χ vs. T in real systems. That was also the case in our study where the maximum in ∂(χT)/T vs. T was at 3.4 K, which coincided with the T N value determined from specificheat data. The dramatic difference between the magnetization curves measured at 1.8 K in the magnetic field applied along the a-and c-axis, respectively, (Fig.4) corroborated, in agreement with the specific-heat and AC susceptibility data, the conclusion that the mag- features but also pronounced hysteresis. All these features vanished at temperatures from 3.4 K. This implies that the ground-state phase, which forms at T 3 is antiferromagnetic and apparently rather complicated. The magnetization curves measured at T 3 < T < T C , however, still showed a strong tendency to saturate as usually found in ferromagnets. The
Arrott-plot analysis of the magnetization curves confirmed the value of T C = 12.4 K. Above this temperature, the typical paramagnetic response of the magnetization to the magnetic field applied parallel to the c-axis was observed. In fields parallel to the a-axis, the magnetization remained and very weak and nearly temperature independent below T C irrespective of the dramatic developments in the c-axis magnetization. We also measured the temperature dependence of the magnetic moment in several constant magnetic fields applied along the c-axis, the results of which are shown in Fig.6 . In very low fields the value of the magnetic moment sharply increased below T C , which was in a good agreement with the anomaly observed in the specific-heat and AC-susceptibility data as well as with the evolution of the magnetization loops with temperature. The 10-mT data were in a reasonable agreement with the AC susceptibility behavior. The evolution of 3.4-K anomaly with the increasing magnetic field, as well as the evolution of the magnetization curves with temperature decreasing below 5 K, resembled a transition to a low-temperature antiferromagnetic state, which is stable only in very low magnetic fields. The bifurcation of the thermomagnetic curve in the ZFC and FC branches appeared at temperatures below 3.6 K (Fig.7) , where an hysteresis of the magnetization curves also apeared . The bifurcation point shifted to lower temperatures with increasing applied magnetic field. However, an alternative interpretation can also be considered. the involvement of the populated CF levels of the first and the second exited multiplet. This is well documented by the extremely broad Schottky contribution to the specific heat (see Fig.2 ), and, in addition, a necessary impact on the magnetization (susceptibility) behavior at elevated temperatures would be expected. The temperature dependence of the inverse susceptibility B/M is strongly nonlinear for both field directions, i.e. it does not follow the Curie-Wiess law. The data in Fig.8 , however, can be well fitted by the modified Curie-Weiss law 27 between 15 and 150 K:
where the temperature independent term χ 0 may be attributed to the temperature in- To see the impact of magnetism on electrical transport we measured also the temperature dependence of the electrical resistivity for current along c (see Fig.9 ). We have detected a clear cusp around 12.5 K, which is in good agreement to the onset of ferromagnetism at T C determined by other experiments discussed above and also with results presented in the literature 4,10 . Another cusp-like anomaly is seen around 4 K which coincides with T 2 .
First-principles and CF calculations
The calculated GGA electronic density of states (DOS) of SmPd 2 Al 3 , using the experimentally determined lattice parameters, is shown in Fig.10(a) . The occupied part of the DOS has a width of 9.5 eV. The first region, from -9.5 eV to -4.8 eV, consists mainly of the free electron-like states from the interstitial region and the Sm-6s, Pd-5s, Al-3s and Al-3p states from AS spheres (see Fig.10 = -88. The second-order CF parameter has the correct sign, which determines the easy c-axis of SmPd 2 Al 3 at low temperatures in agreement with the analysis of our susceptibility and magnetization data. The other parameters have also the correct sign and similar values compared to the CF parameters resulting from the analysis of inelastic neutron data in 13, 14 . Moreover the calculated gap between the ground and the first excited doublet is more than 100 K, which is in goof agreement with the Schottky specific heat analysis and this fact is also supported by the reliability of both the CF parameter sets obtained above. Since our theoretical approach is semi-quantitative only 20 , we may state that a consistent description of the CF interaction in SmPd 2 Al 3 compound is obtained. We would like to emphasize that we calculated a similar temperature dependence of magnetic susceptibility, which has an intersection of curves along the c-and a-axis (see Fig.11 ), as we found by experiment. The intersection was not obtained using the CF acting on the ground state multiplet J = 5/2 only so it requires at least the CF acting on J = 5/2, J = 7/2 and J = 9/2 quantum subspace. Note that no intersection has been obtained from the theory published by Liu 3 .
A detailed comparison would require a correct description of the exchange interaction in the paramagnetic region above 12.6 K, since the simple molecular-field and CF model was found to provide only a semiquantitative agreement with our experimental data, and is therefore definitely too crude for a description of our measured paramagnetic susceptibility versus temperature data. Furthermore, we therefore also decided not to fit the measured data by a too-crude molecular field and CF model approach.
IV. CONCLUSIONS
We have prepared a single crystal of the SmPd 2 Al 3 compound in order to study specific features of Sm magnetism. The magnetization, AC susceptibility and specific-heat measure- 
